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| SUMMARY

Tests .of- two-blade propellers having the NACA 4~(3)(06.3)-06
and NACA 4-(3){06.4)}-09 blade dseigns (blade activity Pactors of -
179 and 265, respectively) have heen mads in the Langley 8-foot -
high-speed tunnel through a renge of blade angle from 20° to 700
for free-stream Mach numbers from 0.165 to 0.725 to determine
the effects of high solidity and compressibility on propeller
characteristica. The tests are part of a general investigation
of propellers at high forward speeds. Results previously reported
for similay tests of two-blads propellers having the NACA 4~308-03
and NACA 4-308-0b45 blade designs (blade activity factors of 87
and 133, respectively) are included for comparison. '

The results showed that the 0.06- and 0.09-solidity blades,
although producing sfficiencies of the order of S0 percent, were
less.efficient than blades of conventional golidity. The variation
in average blads 1ift coefficient with solidity at e constant blade
angle and advance-dieméter ratio -through the speed range of these
tests was found to be anmlogous to the variation of wing 1ift -
coefficient with aspect ratio, Indicating that high-solidity blades
may be desirable at very high speeds. Because of power limitations
of the test equipment, conclusive evidence of the possible favorable
effecta of increased blade solidity at high speeds was not obtainead.
Further teste are desirable. - - ' - o

INTROTUCTTON

The NACA has conducted in the Lengley 8-foot high-spesd tunnel
& general investigation of propellers operating at high forward
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speeds and high rotational tip speeds in an attempt to improve
propeller performance. Results of this investigation covering

the effects of compressibility, solidity, and camber are presented
in references 1, 2, and 3 as parts I, II, and III of this general

investigation.

In addition to the propelleras already tested, two very high-
aolidity two-blade propellers with thinner outboard sections were
teated at the same time. The resulits were not included in
the report on "effects of compressibility and solidity," referwvnce 2,
because speed and power limitations prevented reaching conditlons
at which the adverse effects of compressibility occur. However,
in light of the favorable high-speed results obtalned with wings
of low aspect ratlo 1t was believed that the resulta of the
investigation of very wide blads propellers would be of interest.
The blade eolidity for one propeller was 0.06 (design blade angle
approximately 45°) end for the other propeller it was 0.09
(design blude angle approximately 60°). These soliditiss are
roughly two and three times those of conventional widih blades.

The results of this investigation are presented herein ase
the fourth part of the general investigation of propellers at

high speeds.
ATPARATUS AND METHODS

Tho apparatus and methods described in refersnce 1 were used
in the toste reported here. The tests were conducted in the
Langley 8-Poot high-speed tunnel. A photograph showing the model
setup 18 given as Pigure 1.

Model propellers.- Two 2-blade propellers of 4-foot diameter
utilizing NACA l6-series sections were designed having the blade-
form characteristica shown in figure 2. These propellers are
designatcd as the NACA 4-(3)(06.3)-06 and 4~(3)(06.4)-09 propellers
having activity factors of 179 and 265 per blade, respectively.

The system of deslgnation is expleined in reference 3. Both
propellers have ossentially the same thickness ratio. A photograph
of the blades is given in figure 3. The NACA 4-(3)(06.3)~06
propeller has the same pitch distribution as the NACA propellers
described in references 1 to 3. The propellers were designed to
give minimum induced losses assuming the bladee to be lightly
loaded. The design conditions for these propellers are given

es follows:

Q. ot ¥
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NACA 4-(3)(06.3)-06 NacA L-(3)(06.k)-09

Tip Mach number ¢.92 : 0.95
Lift coefficient at

0.7T-radiuvs statlon G.3 . 0.3
Advance-diameter ratlo 2,11 T 3.70

Nominal design blade
engle at O.7T-radlus o o
station k5 ] 60

The NACA 4-308-03 and %4-308~045 propellers, references 1 and 2,
have the same design conditlons as lletsd sbove for the
NACA 4-(3)(06.3)-06 propeller.

The rangs of tests was the same, within speed and power

limitations, as those of referesnces 1 to 3. The range of blade
angle and free-stream Mach number is given below:

NACA %-(3)(06.3)-06 PROPELIER

¥ree-gtream Blade angle at 0.75-radlus statlion,
Mach nvmbexr, M ﬁO.’{ﬁR
(deg)
i
C.155 20 {25 |30 3'5‘&0 k5 150 551 60
+23 30135140 [ 45 |50 55 60
35 35iL0 j45 1501 55|60
k3 Lo |45 {50155 | 60
+53 45 150 | 55 | 60
60 50 {55 |60
.65. 50 55 {60
675 - 55 |60
g 4
. 700 | |55 {60
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NACA Lk-(3)(06.4)-09 PROPELLER

Froe-shreamn Blade angle at O.75-radius station,

Mach number, M Bo.75R
{deg}

T 0,165 20 {25 13035 |0 | 4550|5560} 65| 70

.23 30)35 {40 {55055 60)65]T0

35 k150 55| 60} 65] 70

43 50 55| 60} 65|70

.53 551 60| 65| 70

€0 téol 65170

65 6065|710

675 60 | 65 | 70

700 N A é |70

SR T O O O A A B e

SYMBOLS AND REDUCTION OF DATA

The data have been corrected fo:p tunnel-wall effects, horlzontal
bucyency, and blower-spinnor effectg in the same marner as the datae
in reforonces 1 to 3. The thrust used is propulsive thruast. The
symbols and definitions uscd herein are as follows! '

A. P, propeller activity factor

B number of blades

b blade width, feet

b/D section blade width ratio

Cr, section 1ift coefficlient; wing 1ift coefflclent

section design lif% coefficlent
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EL average 1ift coefficlent for propeller (see reference 6)
. P
Cp power coefflclent pn3'.D5>
Op hrust coefficient ( T
empt

propeller diemeter, feet |

blade section meximm thilckness, FTest
h/b blade section thickness ratlo -
J advence-diameter ratio (V'/DD)
M : .free-stream Mach mmber :
My helical tip Mach m:_aer- M/ 1+ (%)2
n propeller rotational 's'_'peed, rps
P power, foot pounds per second
R propeller tip radius, feet
f ‘redius to a blade elemesnt, feet
’;.L‘ | thrust, pounds...
Y free-stream velocity, £vs
x blade station, r/R
8 sectlon blade asngle, degrees.
60.753 blade angle at 0.75-radlus sta:bion, degrees
b prope]ler efficlency (cT
e} glr density, slugs per cu'bic foot

c solidity (532.} valzie at 0.7-radius station 1s used herein
= . -
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Subscripts _ '
1 refers to conditions at maximm efficlency for =M = 025

RESULTS AND DISCUSSIONS

The basic characiheristics of the two~blade NACA 4-~(3)(06.3)-06.
and 4-(3)(06.4)-09 propellers are presented in figures 4 and 5,
regpectively. Curves of the reaulten'b tip Mach number My are

elso shown in the same figures.

Maxtmum efficlency.= The envelope efflclencles far both
propellers are presenbed in figure 6 for free-stieam Mach numbors
fram 0.165 to 0.725. For comparison, results are also shown for
the NACA 4-308-03 and 4-308-045 propellers, references 1 and 2.
Maximun efficiencies of over 9 percent were obtalned for blade
solidities above 0.045. However, the maximm efficlencies for
the 0.09-golidity blade-are always lower, and for the 0.06-solidity
blade generally lower, than those for the 0.03 and 0,04S5~-solidity
blades throughout the speed range.: For the low range of advance-
diameter ratio the 0.06-solidity blade produced efficlenciles as
much as 3 percent higher than those for the 0.09-s0lidity blade
for free-stream Mach numbers through 0.35. At the hlgher values
of Mach number and advance-dlameter ratlo the efficiencies were
ag fmoch as 6 percent higher for the 0.06-solidity blade, the
differences decreasing at the very ligh velues of advance-diameter
ratio. This differeonce in efficiency ls atiributed toc the more
favorable pitch distribution of the 0.09-solidity blade for the
higher pltch range. .

Of particular interest are the high values of maximum
efficlency, above 90 percent, which have been obtained in this
investigation and those reported in references 1 to 3. These
results are due to the detailed attention given to the deslgn
of the propellera and to the test setup., These detalls include the

(a) The d.esign was made to give minimm 1n.d.ucec1 losses far
zght loadings. , .

(b) The blade shank sections were thin.

(c) High critical speed NACA 16-series sections were used
throughout.
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(d) Menufacturing tolerances were kept small.
(e) The geps between the spinner and blades were sealed.

(£) Test speeds were kept below the m:-i'bical speeds of test
body and supporta.

TPt surveys over the test body and supports geve no indication
of flow geparation with or without the propelier.

‘Theoge high efficiencies indicate a reduction in the rotatlional
losses agebclated with an isolated propeller. The induced efficilency
logsses for operation at the design conditions for these propellers
in an isolated configuration are shown in figure 7 plotted ageinst
-blade solidlty. The rotaticnal induced loss ab the design condition
is T percent Por the 0.09-solidity blade propeller (J = 3.7), and
2.9 percent for the 0.06~s0lidity blads propeller (J = 2.11).
Possibly the dynamometer suppcrts (20-inch chord) used in this
Investligation were seffective in converting rotational energy into
thrust. Betz shows theoretically in reference & that the use of
contra-vanes of optimum design for & test sebtup such as used in
this investigation might convert into thrust 60 to & percent of
the rotational emergy normally lost. Calculatians of the drag
power loss for the deslign comditions of these propellers show
that, if about 50 percent of the rotational energy were recovered, -
the measured and celculated efficiencies would be in excellent
agreement. Reference 5 shows that approximately 54 percent of the
rotational energy cen be recovered.

Effect of bleds solidity on power cosfficient snd m}ggr-

gopfficient-solidity ratioc for high efficiency.- The range of
power coefficient and power coefficlent-solldity ratloc for which
high efficiencies asre possible 1s illustrated in figure 8 agains®
advance~diameter ratio and blade solldity. An efficlency contour
T 86 percent for each propeller was arbitrarily chosen. The
value of the power coefflcient or powsr coefficlent-solldity ratio
wilthin the efflclency ocntour corresponds to efflclencies above
86 percent: the values for maximm efficlency are also showr.
Changes in free-stream Mach number had no great effect upon the
contours; hence only the results for M = 0.165 are presented.
High-solidity blades operate &t higher power coefficilents than
low-solidity blades, figure 8(a), but the incresse in power
cocefficlent is not in direct proportion to the increasse in blade
solidity. At low values of advance-diameter ratio the change in
bower coefficlent is approximately the same for all the blades,
whereas at the high sdvance-diameter ratios the change in power
coefficlent for the Q.09-polidity blade is approximately only double
that for the 0.03-solidity blade.
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Tigure 8(b) shows that low-selidity blades produce higher power
coefficients per unit of blade solidity than high-solidity blades.
At low ¥alues of advance-diameter ratlo the change in power coefficlent-
s0lidity ratio for the Q.03-sclidity blade is about three times ’
that Pfor the 0.09-solldity blade, vhereas at the high advancé~
diameter ratios the change for the 0.03-solidity blade is aboub

l-lé- ‘times that for the 0.09-solidity blade. Because of the fact

that in these teste of two-blade propellers the local induced
velocities were much greater for the high-solidity blades it is

.not possible to draw a definite conclusion thet a propeller with
‘many narrovw blades is superior to one of equal. total sollidity
having few wide blades. Additional tests are needed to establish
definitely the interrslation of number of blades and total solidity.

‘Efeé'b of power coefficlent end advance-diametexr retio on
officlency.~ The varlation of efficlency wlth power coefficient ls
showvn in figure ¢ for several values of advance-diameter ratlo for
& Mach mumber of 0.165. Blades of high solidity are more efficient
than blades of low solidity at high power coefficients as would be
expected because the blades of low solldity would be stalled. -
Conversely, blades of low solidity are more efficlent than blades of
high solidity at low power coefficlents because blades of high
solidity would be too lightly loeded. The higher efficiencies
shown for the 0.045-s0lidity blade compared to the 0.03-solidity
blade even at low values of power coefficient and advance-dlamster
ratioc are within experimental accuracy.

Figure 10 has been plotted from figure 9 to show the approximate
opsrating range in wvhich a blade of glven solidity is more efficient
than eny other blade. These curves should be consldered generally
to glive only a qualitative comparison. The reglon in which a given
two-blade propeller 1s the most efficlent one is indicated by its
blade-solidity designetion. No line representing the upper limit
is shown for the 0.09-golidity blade because noc higher solidity
blades were tested.

. Compressibility effectg.- A comparison of the relative maximum
.efficiencies versus tip Mach mumber and free-stream Mach murber for
the gpproximate design blade angle is shown in figure 11 for both
_propellers- No adverse ccunpressibility effects occurred for the

.OG-solidity blade at least up to a Hip Mach number of 0.93.

Similar results were obtained for the NACA 4-308-045 propeller,
reference 2. TFor the 0.09-80lidity blads, losses in maximm
officlency started at tip Mach numbers as low as 0.55 and increased
gradually with en increess iIn speed so that at a tip Mach number of
approximately 0.90 the loss in maximum effictency was 5 percent.
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At e glven tip Mach number for the operating conditlions shown
in figure 11, the resultant section speeds, particularly at the
inboard sectiong, are highest for the 0.09-solidity blade. Conse-
quently sarlier compressibility losses at the shank sections would
be expected for thim blade. Computation of the section speeds
indicates that for free-stream Mach numbers vhere the efficlency
curve for the 0.09~golidity blade divergss, no adverse campressi-
bility effects should be expected to occur but thet such effects
would be sxpected to occur &t the shank secticns for free-stream
Mach nwibers between 0.65 and 0.675. It is sebimated that the
effect of the small leading edge falring at the shank sectlons
of this blade (sse fig. 1} and any detrimental effect dus to alr
leakage betwsen spimmer and blades (if such lealmge occurred)
would result in an efficiency lose of not more than 1 to.

2 percent Consequently, 1t is believed that the efficlency losses
‘bha'b otour are pu:'imarily due to the uge of very wide blades.

The effect of compressibility on the pover ‘cogfficient for
maximum efficlency abt the design blade angle and advance-diameter
ratio for each propeller is shown in figure 12 as plots of relative
power coefficient versus tip Mach number. These conditions approxi-
nmate very closely the conditions for which the maximum efficlencies
were presented in figure 1l. The rate of increase in powsr coeffi-
cient with Mach number decresses with increase in blade solidity.

A comparlson of the averags 1lift coefficient for propellers
and winge through the speed range is shown in figure 13. The
average 1ift coefficients for the propelleors were camputed using
the method presented in reference 6, and are for the design blade
angle and advance~dlameter ratio for each propeller. The 1ift
coefficients for wings of different aspect ratlo wers obtained
from tests made in the Langley 2k-inch high-speed funnel. The
effects in both cases are very simllar. As the propeller blade
width 1s increased (aspect ratioc decreased) the magnituds of the
changes decreases and the onset of adverse. campressibllity effects
is delayed as is shown Por the NACA L4-308-045 propeller. Based
on the analogy shown between wings and propellers 1t appears thet
inmportant delays In the onset of adverse compressibility effects
should occur as the blade width is increased. Power limitations
of the dynamometer prevented the attainment of sufficient data te
substentiate this trend and further investigation is nseded.
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CONCLUSIONS

Very high sollidity two-blade propellers (blade activity factors
of 179 and 265) designated the NACA L4-(3)(06.3)-06 and
NACA L~(3)(06.4)-09 propellers heve been tested in the NACA 8-foot
high-apeed tunnel through a range of blede angle from 20° to 70°
for free-stream Mach mmbers from 0.165 to 0.725. The results of
these teste and comparlsons with results from previous tests of
the NACA L-308~03 and NACA 4-308-045 propellers indicated the
following conclusions:

1. The 0,06~ and 0.09-solidity blades, although rroducing
efficlencles of the order of 90 percemt, were found to be less
officient than blades of conventional sclidity.

2+ The varilation in average blade lift ccefficilent with
golldity abt a constant blade angle and ajvance-diameter ratic
through the speed range of these tests was found to be analogous
to the variation in wing lift coefficient with aspect ratio,
indicating that high-solidity blades mey be desirable for use
at very high speeds. Because of power Limitatliaons of the test
equipment conclusive evidence of the posaible favorable effects
.of lncreased blade molidlty at high speeds was not obtained.
Further tests are desirable.

Lengley Memoriel Aeronawtical Leboretory
Natlonel Advisory Commitiee for Aercnautics

Langlesy Fleld, Va.
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(a) NACA 4~(3)(06,4)-09 propeller.  (b) Shank details for the NACA 4-(8)(08.4)-09 propeller.
Figure 1.- Propeller test setup.
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(e) Test body,
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(a) NACA 4-(3)(06.3)~06 blade. (b) NACA 4-(3)(08.4) =09 blade.
Figure 3.~ Test blades. .
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Fig. 6l NACA RM No. L8118
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Figure ll .—Effect of compressibility on maximum efficiency for approximate

design blade angle .
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Figure 1! .— Concluded.
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Figure |2 .— Effect of compress/bility on power coefficient for
maximum efficiency at design blade angle and advance -
diameter ratio.

2T “8ta

ol

617197 "ON WH VOVN
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(B) Lift coefficient for wing at ot 3°, dafafrom reference 7.

Figure!3 .— Effect of compressibility on lift coefficient:
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